In the present study, the yeast Rhodotorula glutinis has been assessed with the aim of producing microbial lipids from glycerol under different aeration conditions. For such a purpose, experiments were carried out in shake flasks, under different conditions of agitation (150 to 250 rpm) and aeration (2.5 to 5.0 of flask volume-to-medium volume ratio). Furthermore, their influence on fermentative parameters (lipid and cell concentration, biomass yield; lipid yield; and lipid volumetric productivity) has been investigated using a 2 2 full factorial design. The statistical analysis has revealed a strong influence of both variables on substrate consumption, lipid accumulation, cell growth and lipid productivity. As a whole, results suggest that higher aeration levels provide greater cell and lipid concentrations, and lipid volumetric productivity. The best results (4.5 g/L of lipids and Q P = 0.95 g/L•day) were achieved at the highest aeration (5.0 flask volume-to-medium volume ratio) and agitation (250 rpm) levels. Their fatty acid profile showed that oleic acid was produced in greater quantity (53.5%), followed by linoleic acid (18.7%), palmitic acid (6.8%) and stearic acid (9.9%). The microbial oil presented viscosity of 39.3 cP at 50˚C and free fatty acid content of 1.93% ± 0.08%. These are significant results and contribute to establishing operational conditions that maximize single-cell oil production from glycerol by Rhodotorula glutinis, i.e. an alternative source as renewable raw material for lipid-based biorefineries.
worth mentioning is its price due to its large impact on the final product, which may correspond to up to 85% of the price of biofuel [3] . Thus, research on other triglyceride sources that are less costly and non-seasonal, while at the same time achieving higher productivity is fundamental for a more competitive biofuel industry [4] [5] .
In addition to using vegetable raw materials, studies have demonstrated that oleaginous microorganisms have great potential for such a purpose. Heterotrophic oleaginous microorganisms, such as yeasts, are able to accumulate lipids rapidly at greater proportions; furthermore, they do not depend on climate, region and are not affected by seasonality, unlike vegetable crops. Such characteristics make these microorganisms potentially competitive as lipid source [6] [7] . Generally speaking, cultures of heterotrophic microorganisms allow obtaining high biomass concentrations and, consequently, lipid concentrations, thus resulting in higher productivity than autotrophic cultures [5] [8] . Li et al. [9] and Tapia et al. [10] assessed microbial oil production by yeasts and reported lipid productivity ranging from 5.76 to 12.96 g/L•day, which is ten times higher than those found in studies using microalgae, e.g. Hsieh [11] and Li et al. [9] reported lipid productivity values ranging between 0.051 and 0.134 g/L•day, respectively. High productivity of heterotrophic microorganisms shows that yeasts are potentially promising for large scale lipid production. Furthermore, oleaginous yeasts can utilize a wide variety of alternative carbon sources, such as glycerol, thus being an important feature for being used in biorefineries [12] .
According to Rawat et al. [13] , the use of by-products as raw materials is an important strategy for improving the competitiveness of biodiesel production from microbial oils. Among possible substrates to be used, glycerol stands out due to its availability to biodiesel production plants (0.1 tons per tonne of biodiesel), and its use for producing lipids from microorganisms represents a significant advance for introducing technologies required by lipid-based biorefineries [14] [15] .
Oxygen availability by culturing oleaginous yeast is a parameter that exerts great influence on microbial growth, lipid productivity and composition. Oxygen availability in the culture medium generally has a positive correlation with biomass concentration and lipid productivity of yeast [16] . It can also influence fatty acid composition of lipids produced in the culture medium [17] . According Journal of Sustainable Bioenergy Systems to Zara et al. [18] , greater oxygen availability while culturing two different strains of S. cerevisiae rendered greater lipid production and led to an increase in the proportion of unsaturated fatty acids in comparison with the total amount of oil production. According to these authors, aeration level directly influenced gene expression involved in coding enzymes linked to lipid biosynthesis, which leads to different fatty acid composition in cultures under different aeration conditions. According to Ageitos et al. [19] , the relationship between oxygen availability and lipid production, as well as the composition of fatty acids present in oils, seems to vary according to the species of yeast, thereby it must be determined empirically. Thus, aeration level is a parameter of utmost importance to be considered for efficient processes to obtain microbial oils.
In this context, the present study aimed to assess the influence of oxygen availability on lipid production by Rhodotorula glutinis NRRL Y-12905 from glycerol. Although several pieces of research have been published about microbial oil production by yeast, the present work demonstrates a systematic study on using statistical tools for evaluating and determining optimal process conditions for obtaining single cell oil. 
Material and Methods

Microorganisms and Inoculum Preparation
Conditions of Fermentation Assays
The influence of oxygen availability on lipid production from glycerol by Rhodotorula glutinis has been evaluated through the design of experiments and response surface methodology. Fermentation assays were carried out according to a face-centered 2 2 full factorial design with center points in triplicate. In this study, agitation and aeration effects on substrate consumption, cell growth, lipid accumulation, biomass yield (Y X/S -biomass yield on glycerol consumed; g/g)
and lipid yield (Y P/S -lipid yield on glycerol consumed; g/g) and lipid volumetric productivity were assessed. Statistica 13 (license: JKK510H198630AR-B) was used in the statistical analysis.
Fermentation assays were performed in 250-mL Erlenmeyer flasks containing 50, 67 or 100 mL of a fermentation solution medium composed of (g/L) glycerol Journal of Sustainable Bioenergy Systems 
Analyses
Cell concentration was determined by measuring the fermentation broth UV-spectrophotometric absorbance at 600 nm, which was correlated to a calibration curve (dry weight by optical density). Total lipids were extracted from cells by the Bligh & Dyer method [20] . The extracted lipid was dried at 80˚C for solvent evaporation and quantified by the colorimetric staining method through the Sulfo-phospho-vanillin assay described by Knight et al. [21] . The absorbance of samples was determined at 525 nm with white water and total lipid concentration was calculated using a calibration curve.
Lipid was extracted from cells by the Bligh & Dyer method to analyze fatty acid profile, absolute viscosity and acidity index [20] . The extracted lipid was dried on a rotary evaporator at 60˚C to remove solvent, which has been subsequently dried to constant weight.
FAMEs were prepared by methyl transesterification of lipids [22] . Transesterification was performed by adding 2.0 mL of methanol containing HCl 3 N with about 50 mg of lipid. This mixture was then incubated at 60˚C for 14 hours. After cooling, 1 mL of K 2 CO 3 (6%) was added. FAMEs were extracted by adding 0.6 mL of hexane. The mixture was agitated and centrifuged at 1000 ×g for 10
min. An amount of the phase containing hexane was removed for analysis by gas chromatography, which was conducted by a gas chromatograph (Clarus 580 CG, Perkin Elmer) equipped with a Perkin Elmer Elite 5 capillary column (5% diphenyl/95% dimethyl polysiloxane, 30 m long, internal diameter of 0.25 mm, 0.25 μm film) and a FID. Nitrogen was used as carrier gas at 0.5 mL/min and heating column at temperatures of 120˚C (0.5 min), 120˚C -280˚C (3˚C/min) and 280˚C (6.17 min). The absolute viscosity of microbial oil was determined with a Brookfield Model LVDVII viscometer (Brookfield Viscometers Ltd., England) using the CP 52 cone. Measurements were made at 50˚C in triplicate. To verify the Newtonian fluid behavior, the obtained data (viscosity, strain rate and shear stress) were Journal of Sustainable Bioenergy Systems adjusted to Equation (6) , where: where: K is the consistency index, γ is strain rate, n is the angular coefficient and τ is shear stress). mol/L) using phenolphthalein as indicator. Acidity index and free fatty acid content were calculated according to the mass of potassium hydroxide (in milligrams) used to neutralize an oil sample (in grams). Equations (7) and (8) Table 1 shows the experimental conditions and response variables considered by the 2 2 full factorial design to assess the influence of oxygen availability on lipid Table 1 . Experimental design, with the real and coded values of the variables, for evaluation of the agitation/aeration effect on Cell and Lipid concentrations, Consumption of glycerol, Y X/S (biomass yield on glycerol consumed; g/g); Y P/S (lipid yield on glycerol consumed; g/g) and Lipid productivity (Q P ) by Rhodotorula glutinis from glycerol. X 1 -Agitation; X 2 -Aeration.
Results and Discussion
Effect of Agitation/Aeration on Lipid Production
Assay Variables Responses Coded values
Real values than that accumulated by yeast under lesser aeration conditions. These data indicate a positive effect of increased aeration on microbial oil production and cell growth. Agitation and aeration effects have been assessed more carefully through statistical tools using the response surface methodology. The Pareto charts shown in Figure 1 estimate the effects of studied variables on cell concentration ( Figure  1(a) ), lipid concentration ( Figure 1(b) ), substrate consumption (Figure 1(c) ), lipid productivity (Figure 1(d) ) and biomass yield (Figure 1(e) ) and lipid yield (Figure 1(f) ). For this analysis, significant terms are those where t calculated (represented by bars in the Pareto chart) values are higher than t table values (represented as a line at P = 0.05 in the Pareto chart) for Student's distribution with 95% confidence interval.
The Pareto chart in Figure 1(a) shows estimates of the effect of studied variables on cell concentration. For the cell concentration response variable, linear effects of Agitation (X 1 ) and Aeration (X 2 ) variables, as well as the Agitation quadratic effect (X 1 * X 1 ) and the effect of an interaction between Agitation and Aeration (X 1 * X 2 ) achieved of 95% confidence interval. Moreover, only the Aeration quadratic effect (X 2 ) was not statistically significant.
By analyzing the Pareto chart as regards response variables of lipid accumulation (Figure 1(b) ) and substrate consumption (Figure 1(c) ), it was found that linear terms of Agitation (X 1 ) and Aeration (X 2 ) variables were significant at 95% confidence interval. It was also observed that quadratic terms as well as interaction term AB presented no significant effects within the variation range observed herein.
As for the lipid productivity response variable (Figure 1(d)) , the Pareto Chart analysis demonstrated that linear effects of Agitation (X 1 ) and Aeration (X 2 ) together with the effect of an interaction between Agitation and Aeration (X 1 * X 2 )
presented statistical significance at 95% confidence interval. It is important to emphasize that the Agitation quadratic effect (X 1 * X 1 ) presented a value that is very close to the limit of the analysis, so it was decided to maintain this effect in the model that describes Q P behavior as a function of studied variables. that none of the variables were significant at 95% confidence interval. Such behavior may be due to the fact that substrate consumption, cell growth and lipid accumulation varied together, so that, within the variation range observed, lipid yield or biomass yield presented similar values, regardless of aeration condition. With respect to terms considered as significant by the Pareto chart analysis, mathematical models capable of describing the behavior of response variables of cell concentration, lipid accumulation, substrate consumption and lipid productivity (Equations (1)-(4), respectively) were developed as a function of Agitation and Aeration variables within the studied region. The analysis of variance of models (ANOVA) is presented in Table 2 , through which it was found that, at 95% confidence interval, all mathematical models were significant and presented no lack of fit. The models showed values of coefficient of determination of 98%, Journal of Sustainable Bioenergy Systems 75%, 90% and 89% for cell concentration, lipid concentration, substrate consumption and lipid productivity response variables, respectively. Based on these mathematical models, response surface charts shown in Figure 2 were drawn.
( )
Cell g L 20.5 8.2 5.9 2.8
Lipid g L 2.16 1.19 0.83
Glycerol consumption % 64.6 15.2 11.9
( ) and Aeration (X 2 ) used in the culture. By analyzing the behavior described by the response surface chart, it is found that an increase in both variables, X 1 and X 2 , positively influenced lipid accumulation by yeast. Within the observed variation range, lipid concentration ranged from 0.9 g/L to 4.5 g/L. Maximum lipid concentration (4.5 g/L) was obtained under higher aeration conditions, i.e. at the highest level of both variables. Saenge et al. [24] reported an assessment of lipid production by the yeast Rhodotorula glutinis from glycerol under different oxygen availability conditions. Aeration variation in the medium (measured in vvm) Journal of Sustainable Bioenergy Systems was used to assess oxygen availability to the yeast. Thus, these authors report that, for batch cultures, an increase in aeration from 0 to 2 vvm led to higher cell concentration and accumulated lipid concentration. The authors also reported that maximum lipid concentration reached in batch cultures was 4.32 g/L, i.e. a very similar result to that found herein. Figure 2 (c) shows the response surface that describes substrate consumption by yeast after 120 hours of culture as a function of the Agitation (X 1 ) and Aeration (X 2 ) variables. The behavior of substrate consumption as a function of studied variables was similar to that observed for lipid accumulation. Substrate consumption was generally favored by an increase in both variables, Agitation (X 1 ) and Aeration (X 2 ). Glycerol consumption varied from 33% under lower oxygen availability conditions (X 1 and X 2 , at level −1) to 88% under greater oxygen availability conditions (X 1 and X 2 at level +1). Figure 2(d) shows the response surface chart that depicts volumetric lipid productivity as a function of Agitation (X 1 ) and Aeration (X 2 ) used in the culture. In the response surface analysis, it was observed that an increase in both evaluated variables positively influenced volumetric lipid productivity. Within the studied range of conditions, volumetric productivity varied between 0.13 g/L•day and 0.95 g/L•day. As regards cell concentration, lipid accumulation and Journal of Sustainable Bioenergy Systems substrate consumption response variables, lipid productivity was favored under higher oxygen availability conditions. Under such conditions (level +1 of X 1 and X 2 ), a lipid productivity of 0.95 g/L•day was achieved.
As a whole, the results suggest that higher cell and lipid concentrations, as well as higher volumetric lipid productivity, could be achieved by providing the culture medium with greater aeration levels. It was also observed that, within the studied range, there were no significant variations in biomass yield (Y X/S ) and lipid yield (Y P/S ). Notwithstanding, it was found that lipid production can be favored by higher aeration conditions, cultures in shaken flasks did not enable tests with greater agitation (maximum possible agitation at 250 rpm). The tendency observed in the analysis of results suggests that an improvement in lipid production can be achieved under higher aeration conditions. Thus, yeast cultures performed on bioreactors which could provide higher aeration levels, or even the use of oxygen enriched air, are potentially promising alternatives to make important improvements in the process productivity. In fact, higher aeration levels have been reported as favorable conditions for lipid production. Machado Junior [26] studied the influence of aeration on Yarrowia lipolytica NRRL YB-423 yeast for biomass production using glycerin as carbon source. Cultures were conducted in a Biostat B bioreactor. The authors analyzed the influence of agitation (100, 200 and 300 rpm) and aeration (0.5 vvm, 1.0 vvm and 1.5 vvm) on cell growth and lipid content. Among the evaluated conditions, optimal results were achieved in cultures conducted at 200 rpm of agitation and aeration of 1 vvm. Under these conditions, 19.14 g/L of cell biomass and lipid productivity of 0.76 g/L•day were obtained. In present study, the volumetric productivity in lipids (0.95 g/L•day) was higher than reported by Machado Junior (0.76 g/L•day). This higher productivity obtained in present study can be related not only to the aeration conditions, but also by the different species of yeasts used in the studies.
Magdouli et al. [27] also investigated the influence of oxygen availability on lipid production by the yeast Yarrowia lipolytica from glycerol. In their studies, cultures were conducted in bioreactors equipped with a dissolved oxygen controller in two stages: during the first 24 hours, oxygen saturation was maintained at 60%, and afterwards it was adjusted to three different conditions (15% -20%, 30% -35%, and 40% -60%). The highest lipid concentration (8.0 g/L) was achieved for cultures under oxygen saturation of 30-35%. Greater lipid accumulation in intermediate aeration condition suggests that oxygen availability can be adjusted to optimized levels, thus contributing to establish conditions of greater bioconversion efficiency. These results highlight the importance of studies to evaluate oxygen availability conditions on single-cell oils productions by yeast to establish efficient process conditions.
Microbial Oil Analysis
By analyzing the microbial oil produced by the yeast Rhodotorula glutinis, it was found fatty acids with chain size ranging from ten to eighteen carbons with different saturation degrees (Table 3 ). The microbial oil consists mostly of unsaturated fatty acids, which correspond to 72%. Four fatty acids (palmitic acid, stearic acid, oleic acid and linoleic acid) constitute about 99% of lipid constituents. Among which, oleic acid (C18: 1) was the most commonly found fatty acid, i.e. about 53.5%, followed by linoleic (C18: 2), palmitic (C16: 0) and stearic (C18: 0) with 18.7%, 16.8%, 9.9%, respectively. Traces of capric (C10: 0) and lauric (C12: 0) acids were also detected, 0.02% and 0.07%, respectively. These results are in agreement with previously reported data in literature for the yeast Rhodotorula glutinis, as described by Kot et al. [28] , Sitepu [29] and Zhang et al. [30] . The authors reported that the main fatty acids produced by yeast were palmitic (16: 0), stearic (18:0), oleic (18:1), linoleic (18:2), which together account for over 80% of fatty acids that make up the lipid fraction. These results show that cultures performed under optimized oxygen supply conditions allowed obtaining lipids whose fatty acid profile is similar to those reported in literature. The results also show that the use of glycerol as carbon source for microbial oil production had no significant influence on the fatty acid profile contained in the lipid fraction.
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According to the rheological analysis of the microbial oil obtained from Rhodotorula glutinis, a Newtonian fluid behavior was observed with constant viscosity at deformation rate ranging between 100 and 360 s −1 . This behavior is in agreement with literature data, since oils and fats commonly present Newtonian fluid behavior [31] . The average viscosity of the microbial oil produced by the yeast R. glutinis was 39.3 ± 0.4 cP at 50˚C. This is a higher viscosity value than that observed for vegetable oils reported by Brock et al. [32] , who had assessed the viscosity of vegetable oils at 50˚C, such as soybean (22.3 cP), corn (24.8 cP), sunflower (21.3 cP), rice (24.5 cP), cotton (24 cP), olive (26.2 cP) and canola (25.2 cP) oils. Microbial oils generally exhibit higher viscosity than vegetable oils [33] [34] . On the other hand, the oil produced by R. glutinis achieved lower vis-Journal of Sustainable Bioenergy Systems cosity than microbial oils produced by filamentous fungi and cyanobacteria. In their studies, Da-Rós et al. [33] evaluated microbial oil production from different cyanobacteria, including Trichormus sp. CENA77, Microcystis aeruginosa NPCD-1 and Synechococcus sp. PCC7942. These authors reported viscosity values for microbial oils from cyanobacteria ranging between 52.7 and 62.3 cP (at 50˚C and deformation rate between 70 and 300 s −1 ). Similar results to those achieved by Da-Rós et al. [33] have also been reported by Carvalho [34] , but for lipid produced by the filamentous fungus M. circinelloides URM 4182 and achieved viscosity of 60 cP (at 50˚C for deformation rate ranging between 60 and 260 s −1 ). These results show that lipids produced by yeasts may present lower viscosity than other microbial oils.
Acidity index is an important parameter for monitoring the quality of oils and fats. It reveals the degree of free fatty acids in the material, which is calculated in milligrams of potassium hydroxide to neutralize the free fatty acids present in one gram of sample. The oil produced by the yeast Rhodotorula glutinis NRRL Y-12905 achieved acidity index of 5.8 ± 0.2 mg KOH/g oil, which corresponds to 1.93% ± 0.08% FFA. According to Porphy and Farid [35] using oils with an FFA content of over 5% in weight is not appropriate for transesterification by alkaline catalyzed, since the FFA can consume the catalyst and form soap that will cause serious biodiesel separation problems. Thus, the oil obtained herein presented free fatty acid content that makes it potentially feasible for biodiesel production by processes through an alkaline route. This characteristic of microbial oil is of great importance, since alkaline catalysis is the most widely used process nowadays, in addition to requiring milder processing conditions when compared to processes using acid catalysis.
Conclusions
Rhodotorula glutinis NRRL Y-12905 was able to produce and accumulate lipids from glycerol in all cultivation conditions evaluated herein; however, aeration and agitation proved to be important variables, since they were, in fact, capable of affecting the process efficiency.
As regards fermentation performance, the level of aeration has had a significant influence on substrate consumption, cell growth, lipid concentration and volumetric productivity. In general, cell growth, lipid accumulation and lipid volumetric productivity were favored by greater oxygen availability. Agitation and aeration at 250 rpm and 5.0 (flask volume-to-medium volume ratio), respectively, were the optimal operational conditions in the evaluated range of values, due to promoting high cell and microbial oil concentrations (39.4 g/L and 4.5 g/L, respectively) and Q P (0.95 g/L•day). These results demonstrate that the establishment of a suitable aeration condition is of paramount importance to improve the process of microbial oil production from glycerol by R. glutinis. In addition, glycerol bioconversion processes can provide a way of integrating with current biodiesel production, contributing to the development of lipid-based biorefinery.
